where Xij represents concentration of the j th species in the i th sample, gik represents the contribution 231 of the k th source to the i th sample, fkj represents the source profile of j th species from the k th source, 232 eij represents the residual for the j th species in the i th sample, and p represents the number of sources. 233 PMF can identify emission sources of PM2.5 without source profiles. Data below MDLs are 234 retained for using in PMF model with the related uncertainty adjusted in terms of the characteristics 235 that PMF model admits data to be signally weighed. To assess the stability of the solution, the object 236 function Q can be allowed to review the distribution of each species, which is expressed by: 237
(2) 238
where μij represents the uncertainty of j th species in the i th sample, which is applied to weight the 239 observations that include the sampling errors, missing data, detection limits and outliers. 240
The purpose of PMF model was to minimize the function (Eq. (2). Data below MDLs were 241 retained and their uncertainties were set to 5/6 of the MDLs. Missing values were replaced by the 242 median concentration of a given species, with an uncertainty of four times the median (Brown et al., 243 2015) . Values that were larger than the MDLs, the calculation of uncertainty was in terms of a user 244 supplied fraction of the concentration and MDLs, and the error fraction was suggested as 10 % by 245
Paatero (2000). Uncertainty was described by: 246 Uncertainty = √( × ) 2 + (0.5 × ) 2 (3) 247
In this study, EPA PMF 5.0 model was used to identify the PM2.5 sources in Shijiazhuang city. 248
Based on the field investigation and change of Q values, and finally, five factors were chosen in 249 PMF analysis. When five factors were chosen and input in PMF model, and the calculated Q value 250 (5162) from PMF model was close to theoretical values (5045). The observed PM2.5 concentrations 251 and calculated PM2.5 concentrations from PMF model showed high correlations (r = 0.96) (Fig. S4) . 252 S/N is the signal-to-noise ratio, which is used to address weak and bad variables when running PMF 253 model (Paatero and Hopke, 2003) . The signal vector is identified as S and the noise vector is 254 identified as N. Next, S/N is defined as Eq. (4). Variables with S/N ≤ 0.2 were removed from the 255 analysis, while weak variables (0.2 ≤ S/N ≤ 2.0) were down-weighted (Ancelet et al., 2012) . S/N of 256
As, Ti and Cr were lower than 1.0 in this study, and these species were set as weak variables. 
Backward trajectory and PSCF model 260
In this study, the 72-h backward trajectory arriving in Shijiazhuang (38.05˚ N, 55.2˚ E) was 261 calculated at 1-h intervals during the CAHP by the Hybrid Single Particle Lagrangian Integrated 262
Trajectory (HYSPLIT) model. The final global analysis data were produced from the National 263
Center for Environmental Prediction's Global Data Assimilation System wind field reanalysis 264
(http://www.arl.noaa.gov/). The model was run 4 times per day at starting times, i.e., 0:00, 06:00, 265 12:00, 18:00 LT; the starting height was set at 100 m above the ground. The PSCF model was used 266 to identify the potential sources-areas in terms of the HYSPLIT analysis. The study region was 267 divided into i×j small equal grid cells. The trajectory clustering and PSCF model were performed 268 by using the GIS-based software TrajStat (Liu et al., 2017a; Wang et al., 2009b) . The PSCF value 269 was defined as: 270 11 
PSCF = (5) 271
where i and j were the latitude and longitude indices, nij represented the number of endpoints that 272 fell in the ij cell, and mij was the number of endpoints in the same cell that were related to the 273 samples that were greater than the threshold criterion. 274 
(7) 282
The studying field ranged from 33˚ N to 51˚ N, and 97˚ E to 121˚ E, and the region that was 283 covered by the backward trajectories was divided into 432 grid cells of 1.0˚ × 1.0˚. The total number 284 of endpoints during the CAHP was 12672. Accordingly, there was an average of 5 trajectory 285 endpoints in per cell (nave = 5). 286
Measures taken in the controlling experiment

287
The measures taken in the controlling experiment began on November 18, 2016 and ended on 288 burning. The more details were described in supplemental material. 294
Actually, a total of 1543 enterprises were shut down in the whole city of Shijiazhuang during 295 the control action period, including pharmaceutical, steel, cement, coking, casting, glass, ceramics, 296 calcium and magnesium, sheet, sand and stone processing, stone processing and other industries. 
12
The situation of specific closed-enterprises in different districts and counties is shown in Table S5 . 298
In closed enterprises in Shijiazhuang, the number of mining and stone processing enterprises was 299 the largest, which was up to 733 and account for 48 % of all the closed enterprises. The numbers of 300 casting and building materials enterprises were up to 297 and 227, respectively, accounting for 19 % 301 and 15 % of the all, respectively. In addition, 64 enterprises related to pharmaceutical industry were 302 halted only for the VOC technology, and the 17 enterprises related to chemical industry must stop 303 production. The numbers of closed enterprises for cement and calcium/magnesium industry were 304 up to 49 and 40, respectively. The number of closed factories related to furniture and tanneries was 305 43, and the numbers of closed steel and coking enterprises were up to 4 and 7, respectively. 306
The average value of daily social-electricity consumption from November 18 to December 31, 307 2016 was 103,470,000 kW·h (Fig. S5 ), which declined 10 % compared to that of daily social-308 electricity consumption from November 1 to 17, 2016, and declined 6 % compared to that of daily 309 social-electricity consumption during the same period in 2015. Restriction of motor vehicles based 310 on odd-and-even license plate rule in urban area of Shijiazhuang resulted in the decrease of the 311 average traffic-flow on arterial roads, which reduced about 30 % compared to before the control 312 action (Fig. S6) . The dust emission can be reduced about 390 tons per day by a series of dust control-313 measures. Compared to before the control action, the daily emissions of SO2, NOx, smoke dust and 314
VOCs reduced about 20 %, 33 %, 15 % and 7 %, respectively, during the control action period, on 315 the basis of the statistics on pollutants emission inventories. During the TECA period, the variations of atmospheric pollutants concentrations were mainly 342 affected by the heating for cold winter and the control measures of the control action except for the 343 meteorological conditions. Therefore, we defined the following equations to evaluate the effects of 344 the heating and control action, respectively, based on the atmospheric pollutants concentrations 345 during the different stages of TECA (i.e., NCANHP, NCAHP, CAHP and ACA). heating and PPM10-heating values were up to 28 % and 25 % (Fig. 3 and Fig. 4) . However, during the 360 CAHP, the mean concentrations of PM2.5 and PM10 were 185 μg/m 3 and 291 μg/m 3 , respectively, 361 which decreased by 15 % and 26 % compared to the NCAHP. And the PPM2.5-action and PPM10-action 362 values were 8 % and 8 %, respectively. The mean height of mixed layer, the mean wind speed and 363 temperature during the CAHP were lower than those during the NCAHP (Table 1) during the NCANHP to 5.5 mg/m 3 during the ACA period, which showed an increasing tendency 373 (Fig. 3) . Because CO was mainly produced from the uncompleted combustion of fossil fuels, so the 374 usage of domestic coal might be increasing with the gradual decrease of temperature from the 375 NCANHP (8.4 ℃) to the ACA period (0.7 ℃) (Table 1) . Meanwhile, it can also be inferred that 376 the control of domestic coal during the TECA period in Shijiazhuang city performed little efficiency. 377
Because of the lack of emission inventories for domestic coal or small-boiler coal in Shijiazhuang, 378 so that the control measures were less targeted. Additionally, the concentrations of O3 during 379 different stages of TECA were lower compared to other pollutants (Figs. 2 and 3). Overall, the 380 control measures of emission sources in Shijiazhuang during the TECA period were go into effect, 381 while the coal heating for cold winter and the unfavorably meteorological conditions during the 382 CAHP had an offset effect on the efforts of control measures for pollutant sources to some extent. 383
The average wind speed during the CAHP (0.4 m/s on average) was lower than those during the 384 other stages of the TECA period (0.5-0.7 m/s on average) (Table 1) , and the wind directions were 385 changeable ( Fig. S1 ), which was in favor of the accumulation of atmospheric pollutants, and thus 386 15 causing the concentrations of atmospheric pollutants to increase during the CAHP. Note that the 387 heights of mixed layer showed an apparently decreasing tendency from the NCANHP (540 m on 388 average) and the NCAHP (590 m on average) to the ACA (431 m on average), and the height of 389 mixed layer during the CAHP was only 474 m on average (Table 1 ). The decrease in the height 390 of mixed layer can cause the concentrations of atmospheric pollutants near the ground to be 391 compressed significantly and enhanced subsequently. In addition, during the CAHP, the 392 multidirectional air-masses that were mainly originated from the Beijing-Tianjin-Hebei and its 393 surrounding areas (e.g. Henan, Shandong and south of Hebei) displayed an overlap with each 394 other in Shijiazhuang (Fig. S7 ), and further aggravate the level of air pollution in Shijiazhuang. 395 3 ) in urban area was higher than that of in suburb (43 410 μg/m 3 ), but the value of PPM2.5-heating in suburb (29 %) was higher than that in urban area (27 %) (Fig.  411   4) . Note that the mean concentration of PM2.5 in urban area was up to 243 μg/m 3 during the CAHP, 412 which showed an increasing tendency, and the PPM2.5-action value was -15 % (Fig. 4) , likely due to 413 the unfavorably meteorological conditions such as lower wind speed (0.4 m/s) and lower height of 414 mixed layer (474 m), etc. (Table 1 and Fig. S7 ). Conversely, compared to the NCAHP, the 415 concentrations of PM2.5 in suburb (a mean of 161 μg/m 3 ) decreased significantly during the CAHP 416 (t-test, p<0.01), and the PPM2.5-action was up to 18 % (Fig. 4) , indicating the control measures of PM2.5 417 sources in suburb might be more effective than urban area. The tendency of SO2 concentrations 418 16 during different stages of TECA (except the ACA period) was similar to that of PM2.5. The PSO2-419 heating and PSO2-action values in urban area were up to 58 % and -4 %, respectively, and were up to 47 % 420 and 8 % in suburb during the TECA period (Fig. 4) . However, the concentrations of SO2 in urban 421 area and suburb decreased remarkably during the ACA compared to the CAHP (t-test, p<0.01), 422 probably due to the effective control measures. 423
During the NCANHP, the average concentrations of PM10 in urban area and suburb were 280 424 and 242 μg/m 3 , respectively. Then, the meanly increased concentrations in urban area and suburb 425 were up to 65 and 64 μg/m 3 during the NCAHP, which were comparable with each other. 426
Nevertheless, the mean PPM10-heating value in suburb was higher (26 %) than that in urban area (23 %) 427 (Fig. 4) . During the CAHP, the meanly decreased concentration of PM10 in urban area was 1 μg/m 3 , 428
and apparently lower than that of suburb (36 μg/m 3 ), as well as the mean PPM10-action values in urban 429 area and suburb were 0.4 % and 12 %, respectively (Fig. 4) . It can be seen that the control of PM10 430 sources in suburb was more effective compared to urban area, in case of exclusion of unfavorably 431 meteorological conditions (Table 1 and Fig. S7 ), probably related to more than 700 enterprises 432 closed down which mainly carried out ore mining and stone processing in suburb (Tables S1 and  433 S5). The tendency of NO2 concentrations in urban area and suburb was similar to that of PM10 during 434 different stages of TECA period. The mean PNO2-heating values in urban area and suburb were up to 435 31 % and 34 %, respectively; while the mean PNO2-action values in urban area and suburb were up to 436 17 % and 21 %, respectively. Note that the concentrations of CO in urban area and suburb showed 437 an increasing tendency from the NCANHP (2.1-2.4 mg/m 3 ) to the ACA period (5.5 mg/m 3 ) (Fig. 3) . 438
The PCO-heating and PCO-action values in urban area were 22 % and -15 %, respectively, while those in 439 suburb were 32 % and -20 % during the TECA period. In addition, as shown in Fig. 5 , the 440 concentrations of CO in the eastern and northern suburb in Shijiazhuang were significantly higher 441 than those of urban areas (t-test, p<0.01). Note that the concentrations of O3 in urban area and suburb 442 were lower during different stages of TECA (Fig. 5) . Overall, during the TECA period, the effect of 443 control measures for atmospheric pollutants sources in suburb was better than in urban area, 444 especially for the effect of control measures for particulate matters sources. The effect of control 445 measures for CO was not notable during the TECA period, especially in suburb, likely due to the 446 increasing usage of domestic coal in suburb along with the temperature decreasing (Table 1) . 447 apparently during the CAHP compared to the NCAHP, which was likely due to the increased usage 490 of the coal for domestic heating with the reduction of temperature during winter (Table 1) . 491
Additionally, unfavorably meteorological conditions during the CAHP can have an offset effect on 492 the control measures for coal-combustion sources. As also Fig. 5 shown that the concentrations of 493 CO during the CAHP were higher than those during the NCAHP, especially in rural areas. emission during the TECA period (as shown in section 2.5). In general, from the view of the 504 variation of PM2.5 speciation, there was no doubt that the TECA had a certain positive environmental 505 effect on the improvement of air quality. However, the ambient pollutant concentration was 506 impacted by not only the emission sources, but also the meteorological conditions, regional 507 background level and distant transportation, it was understandable that the concentration of CO had 508 a "rebound" effect during the CAHP as the height of mixing layer was only 474 m and a low wind 509 
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Variations of PM2.5 sources contributions 518
The filter membrane samples of PM2.5 were collected in three sites (LQ, LC and TSMS) in 519
Shijiazhuang from November 24, 2015 to January 9, 2017, and source apportionment was carried 520 out by using EPA PMF 5.0, as well as five factors were identified during the period (Figs. 9 and 10) . industrial emissions to PM2.5 was relatively lower than other sources (Fig. 10) . 554
In general, crustal dust, secondary sources, vehicle emissions, coal combustion and industrial 555 emissions were identified as PM2.5 sources in Shijiazhuang (Fig. 9) . Compared to the WY and 556 NCANHP, the contribution concentrations and proportions of coal combustion to PM2.5 increased 557 significantly during other stages of TECA period (Fig. 10) , which was closely associated with the 558 coal heating for cold winter (Liu et al., 2016) , and the unfavorably meteorological conditions ( Table  559 1 and Fig. S7 ). The contribution concentrations and proportions of crustal dust and vehicle 560 emissions to PM2.5 decreased apparently during the CAHP compared to other stages of TECA period 561 (Fig. 10) . It indicated that the control effects of motor vehicles and crustal dust were remarkable 562 during the CAHP, even under unfavorably meteorological conditions (Table 1) , and the results were 563 consistent with the above analysis. The contribution proportions of secondary sources to PM2.5 564 during the CAHP showed little change compared to other stages of TECA period (Fig. 10) . However, 565 compared to the WY and NCANHP, the contribution concentrations of secondary sources to PM2.5 566 increased significantly during the NCAHP, CAHP and the ACA (Fig. 10) , likely due to high 567 concentrations of gaseous precursors (i.e., SO2 and NO2) (Fig. 5) , unfavorably meteorological 568 conditions (Table 1) , and frequent hazy events during these periods, when there were significant 569 secondary reactions (Han et al., 2014; Li et al., 2016a) . In addition, it also illustrated that the 570 21 discharge of atmospheric pollutants might be still enormous even under such strict control measures. 571
Note that the contribution concentrations and proportions of industrial emissions to PM2.5 during 572 the CAHP decreased apparently compared to the NCAHP (Fig. 10) , indicating that the control of 573 industrial emissions was also effective during the CAHP. 574
Chen et al. (2016b) reported that the concentrations of particles during the 2014 Youth Olympic 575
Games (YOG) period (August) were much lower than before-Games period (July) and after-Games 576 period (September); and fugitive dusts, construction dusts and secondary sulfate aerosol decreased 577 obviously in YOG, which means mitigation measures have played an effective role in reduction of 578 particulate matter. Wang et al. (2017) found that the contributions of vehicles, industrial sources, 579 fugitive dust, and other sources decreased 13.5-14.7 %, 10.7-11.2 %, 4.5-5.6 % and 1.7-2.7 %, 580 respectively, during the Asia-Pacific Economic Cooperation (APEC) and China's Grand Military 581
Parade (CGMP), compared to the period before the control actions. Guo et al. (2013) found that 582 primary vehicle contributions were reduced by 30 % at the urban site and 24 % at the rural site, 583 compared with the non-controlled period before the Beijing 2008 Olympics. The reductions in coal 584 combustion contributions were 57 % at PKU site and 7 % at Yufa site. As we can see that these 585 control-actions of the strict measures taken for emission sources during the international events held 586 in China, including the TECA in Shijiazhuang, were all very important practical exercises and rarely 587 scientific experiments. However, it cannot be advocated as the normalized control measures for 588 atmospheric pollution in China. These strict measures taken during these periods are temporary, and 589 there is a normal recovery of all the emissions of sources after the operation. Once adverse weather 590 conditions occur, and the hazy events may continue to happen eventually. In short, the direct cause 591 of the severe atmospheric pollution in China is that the emission of pollutants beyond the air 592 environment's self-purification capacity, and the essential reason is unreasonable and unhealthy 593 pattern for economic development of China. 594 ----595 
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Backward trajectory and PSCF analysis 601
The backward trajectory analysis was used to identify the transport pathways of the air mass 602 during the CAHP. In terms of the directions and travelled areas, these trajectories were divided into 603 the five groups (Fig. 11) . Trajectory clusters 1, accounting for 31.3 % of the total, originated from 604 Shanxi province and passed over North of Hebei before arriving at Shijiazhuang. Trajectory cluster 605 1 reflected the features of small-scale, short-distance air mass transport (Fig. 11) . The higher 606 concentrations of PM10 (358 μg/m 3 ), PM2.5 (237 μg/m 3 ) and CO (3.9 μg/m 3 ) might be due to the 607 variety of emission sources and the accumulation of pollutants from surrounding areas, since the 608 moving speed of air mass in cluster 1 was much lower than other trajectories (Fig. 11 and Table 2 ). of Shanxi and central and southern Inner Mongolia, which were mainly potential sources-areas of 628 CO concentrations in Shijiazhuang (Fig. 12 (a) ). The WPSCF values of NO2 were higher in north 629 of Henan and Shaanxi, Hebei, Shanxi, and central and southern Inner Mongolia, which were mainly 630 23 potential sources-areas of NO2 concentrations in Shijiazhuang (Fig. 12 (b) ). The WPSCF values of 631 O3 and SO2 were higher in the north of Henan and Shaanxi, Shanxi, and south of Hebei, which were 632 distinguished as major potential sources-areas of O3 and SO2 concentrations in Shijiazhuang (Fig.  633   12 (c) and (d) ). Moreover, the southwest of Shandong was also identified as mainly potential 634 sources-areas of SO2 concentrations in Shijiazhuang. As for PM2.5 and PM10, the WPSCF values 635 were higher in south of Hebei, and east of Shanxi, which were identified as mainly potential sources-636 areas of PM2.5 and PM10 concentrations in Shijiazhuang (Fig. 12 (e) and (f) ). Overall, the potential 637 
